The absence of mouse mitochondrial glycerol-3-phosphate acyltransferase-1 (Gpat1 −/− ) increases the amount of arachidonate in liver phospholipids and increases β-hydroxybutyrate and acyl-carnitines, suggesting an elevated rate of liver fatty acid oxidation. We asked whether these alterations might increase reactive oxygen species (ROS), apoptosis, or hepatocyte proliferation. Compared to wildtype controls, liver mitochondria from Gpat1 −/− mice showed a 20% increase in the rate of ROS production and a markedly increased sensitivity to the induction of the mitochondrial permeability transition. Mitochondrial phosphatidylethanolamine and phosphatidylcholine from Gpat1 −/− liver contained 21% and 67% more arachidonate, respectively, than wildtype controls, and higher amounts of 4-hydroxynonenal, a product of arachidonate peroxidation. Oxidative stress was associated with an increase in apoptosis, and with 3-fold and 15-fold higher TUNEL positive cells in liver from young and old Gpat1 −/− mice, respectively, compared to age-matched controls. Compared to controls, bromodeoxyuridine labeling was 50% and 7-fold higher in livers from young and old Gpat1 −/− mice, respectively, but fewer glutathione-S-transferase positive cells were present. Thus, Gpat1 −/− liver exhibits increased oxidative stress and sensitivity of the mitochondrial permeability transition pore, and a balanced increase in apoptosis and proliferation.
Introduction
Oxidative metabolism is a primary source of reactive oxygen species (ROS) that may progressively damage cellular proteins, membrane lipids, and DNA. Because increased mitochondrial fatty oxidation increases the production of ROS (Finck et al., 2003; Russell et al., 2005; Yamagishi et al., 2001) , we studied mitochondrial glycerol-3-phosphate acyltransferase-1 (GPAT1) knockout (Gpat1 −/− ) mice in which elevated β-hydroxybutyrate and acyl-carnitines suggest that hepatic β-oxidation is increased because the mice lack the ability to incorporate excess acylCoAs into triacylglycerol . Lack of GPAT1 allows carnitine palmitoyltransferase-1 (CPT-1), the rate-limiting step in fatty acid oxidation, to convert excess fatty acyl-CoAs to acyl-carnitines which then enter the mitochondria for β-oxidation. In livers from Gpat1 −/− mice, not only is the oxidation of fatty acids increased, but hepatic phospholipids contain excess arachidonic acid, an important ROS target (Hammond et al., 2002 .
Three known GPAT isoforms catalyze the initial and ratelimiting step in the pathway of glycerophospholipid and triacylglycerol synthesis (Bell and Coleman, 1983) . The GPAT1 isoform is an intrinsic membrane protein located on the outer mitochondrial membrane where it competes for long-chain fatty acyl-CoAs with CPT-1 . Gpat1 is up-regulated by insulin and by SREBP-1 under conditions that increase triacylglycerol synthesis and diminish fatty oxidation. In addition, AMP-activated protein kinase reciprocally regulates CPT-1 and GPAT1 Muoio et al., 1999; Park et al., 2002) . When GPAT1 is over-expressed, triacylglycerol synthesis increases and fatty acid oxidation decreases (Lewin et al., 2005; Lindén et al., 2004) . Conversely, compared to wildtype controls, fatty acid oxidation appears to be enhanced in Gpat1 −/− liver which contains 60% less triacylglycerol and 2-fold more acylcarnitines . Plasma β-hydroxybutyrate is also increased 2-fold , and liver phosphatidylcholine (PC) and phosphatidylethanolamine (PE) contain less 16:0 in the sn-1 position, compensatory increases in 18:0 and 18:1, and 40% more 20:4 in the sn-2 position (Hammond et al., 2002) .
Because acyl-CoAs in liver from Gpat1 −/− mice are partitioned towards oxidative pathways and because livers from these mice contain higher amounts of 20:4 in their phospholipids, we hypothesized that an accelerated rate of hepatic fatty acid oxidation in Gpat1 −/− mice would increase ROS produced during mitochondrial metabolism and lead to mitochondrial and cellular dysfunction.
Materials and methods

Animals and diets
Animal protocols were approved by the University of North Carolina at Chapel Hill IACUC. Generation of Gpat1 −/− mice was described previously (Hammond et al., 2002) . F1 mice were crossed six times with C57BL/6J mice to transfer the null Gpat1 mutation onto a C57BL/6J genetic background (∼ 99%). The resulting backcrossed heterozygotes were then intercrossed to obtain wildtype and homozygous Gpat1 −/− mice. Because basal liver GPAT1 specific activity is identical in male and female mice (Hammond LE, and Coleman RA, unpublished) and because GPAT1 in female mice is more hormonally responsive (Ameen et al., 2004) , functional studies were performed in liver from female mice. A preliminary study in males did not differ from results found in females.
Mice were housed in a pathogen-free barrier facility on a 12-h/12-h light/dark cycle and had free access to water and food. Mice were fed Prolab RMH 3000 SP76 chow (26% kcal protein, 14% kcal fat, and 60% kcal carbohydrate).
Electron microscopy
Anesthetized mice were perfused through the left ventricle with a fixative containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.15 M sodium phosphate buffer, pH 7.4. Ultrathin liver sections were examined using a LEO EM910 transmission electron microscope at 80 kV (LEO Electron Microscopy, Thornwood, NY) and photographed using a Gatan Bioscan Digital Camera (Gatan, Inc., Pleasanton, CA).
Mitochondrial isolation
Mice were fasted overnight and liver mitochondria were isolated using a modification of a previously described protocol (Lemasters et al., 1984) . Mouse liver was minced and homogenized on ice in 0.25 M sucrose, 2 mM K-HEPES, 0.5 mM EGTA, pH 7.4 using 4 slow up-and-down strokes with a motor-driven Teflon-glass homogenizer. Debris was removed by centrifugation at 600×g for 15 min at 4°C. The supernatant was centrifuged at 9750×g for 15 min at 4°C to isolate the mitochondrial pellet. The mitochondrial pellet was resuspended in 0.25 M sucrose, 2 mM K-HEPES, pH 7.4 and centrifuged at 9750×g for 10 min at 4°C. After repeating this step, the final pellet was resuspended at 50 mg protein/ml in 0.25 M sucrose, 2 mM K-HEPES, pH 7.4. Protein concentrations were determined by a Biuret procedure using bovine serum albumin as the standard (Gornall et al., 1949) .
Mitochondrial permeability transition and reactive oxygen species (ROS)
Mitochondrial permeability transition (MPT) assays were performed at 25°C in 48-well plates with a FLUOstar multiwell fluorescence plate reader (BMG LabTechnologies GmbH) in an MPT incubation buffer containing 200 mM sucrose, 20 μM EGTA, 5 mM succinate, 2 μM rotenone, 1 μg/ml oligomycin, 20 mM Tris, 20 mM HEPES, and 1 mM KH 2 PO 4 , pH 7.2 as previously described (Blattner et al., 2001) . Mouse liver mitochondria were added to yield a final concentration of 0.5 mg protein/ml in 1 ml of buffer per well. Mitochondrial membrane potential and Ca 2+ uptake and release were monitored using 100 and 200 μM CaCl 2 , 1 μM tetramethylrhodamine methyl ester (TMRM) and 1 μM Fluo-5N, respectively (Blattner et al., 2001) .
ROS production was monitored fluorometrically after incubating mitochondria in MPT incubation buffer containing 1 μM 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-DCFDA) from the rate of increase of the green fluorescence of DCF, the oxidized product of carboxy-DCFDA. Fluorescence was excited from the top of the wells and emission was measured from the bottom. The red fluorescence of TMRM and the green fluorescence of Fluo-5N and carboxy-DCFDA were measured using excitation filters of 485 nm (15 nm band pass) and 544 nm (15 nm band pass) and emission filters of 538 nm (25 nm band pass) and 590 nm (15 nm band pass), respectively. The change in absorbance was calculated as A = log[I t /I i ], where I i is the initial transmitted light intensity and I t is the light intensity at the subsequent time (Bernardi, 1999) . Decreased absorbance indicates mitochondrial swelling. The t½ is the time at which the mitochondria achieved ½ maximal swelling as denoted by the decrease in absorbance.
Mitochondrial lipids
Livers were homogenized in 10 mM Tris, pH 7.4, 250 mM sucrose, 1 mM dithiothreitol, and 1 mM EDTA (Medium A) using 10 up-and-down strokes with a Teflon-glass homogenizer. Large debris and nuclei were removed with a 600×g centrifugation. Mitochondria were pelleted by centrifugation for 10 min at 10,300×g and resuspended in Medium A. Protein concentration was determined by the bicinchoninic acid method (Pierce) using bovine serum albumin as the standard. Purity of mitochondria was established by measuring the activity of enzyme markers, NADPH cytochrome c reductase (Dallner et al., 1966) and cytochrome c oxidase (cytochrome c oxidase kit, Sigma), for endoplasmic reticulum and mitochondria, respectively. NADPH cytochrome c reductase activity in the mitochondria was less than 1%. Mitochondria aliquots were stored at − 80°C until use.
Lipids from liver (25 mg) and isolated mitochondria (2 mg) from Gpat1
and wildtype mice were extracted in the presence of authentic internal standards (Folch et al., 1957) using chloroform:methanol (2:1 v/v). Individual lipid classes within the extract were separated by preparative thin layer chromatography (Watkins et al., 2001) . Isolated lipid classes were transesterified in 3 N methanolic HCl in a sealed vial under a nitrogen atmosphere at 100°C for 45 min. The resulting fatty acid methyl esters were extracted with hexane containing 0.05% butylated hydroxytoluene and then separated and quantified by capillary gas chromatography using a gas chromatograph (Hewlett Packard model 6890) equipped with a 30 m DB 225MS capillary column (J and W Scientific) and a flame ionization detector (Watkins et al., 2001 ).
Anti-4-hydroxy-2-nonenal labeling
Lipid peroxidation was assayed in tissue sections (Albright et al., 2004 ) using a monoclonal antibody that recognizes 4-hydroxy-2-nonenal (4-HNE) (Oxis Intl). Sites of 4-HNE were detected using AlexaFluor 594 donkey antimouse IgG (Molecular Probes) and liver slices were examined on a Nikon fluorescence microscope and digital images were captured and analyzed using NIH Image program 1.61. The integrated optical density of labeling was determined from n = 10 measurements from each of three liver regions in liver slice per group.
Bromodeoxyuridine labeling
Mice were injected intraperitoneally with 50 mg/kg body weight 5-bromo-2′-deoxyuridine (BrdU, Sigma) dissolved in 1 ml of 7 mM sodium hydroxide in 0.9% sterile saline. After 2 h, the liver and spleen were isolated and fixed overnight in 10% buffered formalin (pH 7.4) and BrdU labeling (Zymed) was performed (Albright et al., 1999) . Liver and spleen were prepared on the same slide with the spleen serving as a positive control for BrdU labeling.
Caspase-3 activation assay
Caspase-3 rabbit polyclonal antibody and staurosporine (Cell Signaling Technology) was used to detect both full length and cleaved caspase-3 products. As positive controls for activated and non-activated caspase-3, confluent 3T3-L1 cells in DMEM-10% FBS on 10 cm dishes were treated for 1 h with 2 μM staurosporine (in DMSO) or DMSO alone. Cells were washed with PBS, scraped, immediately solubilized in 1 ml of hot 2× SDS sample buffer, sonicated briefly, boiled and centrifuged. Residual debris was removed by centrifugation. Livers from five WT and five Gpat1 −/− female mice (2 months old) were snap frozen, and small pieces of liver were excised frozen on a dry-ice cooled dissecting block. Samples were weighed and hot SDS sample buffer was added to normalize protein concentrations before sonication, boiling, and centrifugation as above. Approximately 50 μg of total protein from each control and tissue sample was run on 12.5% SDS PAGE gels, transferred to PVDF membranes, and blotted for β-actin and caspase-3.
TUNEL labeling
Apoptotic cells in liver were detected using terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-digoxigenin anti-digoxigenin fluorescein conjugate antibody nick end-labeling (TUNEL) (Apoptag Plus Fluorescein In Situ Apoptosis Detection Kit, Serologicals), as described previously (Albright et al., 1996) . The entire liver section was examined and counts of TUNEL positive cells were normalized per 10 mm 2 liver.
RNA isolation and RNase protection assays
RNA isolation and RNase protection were performed as previously described (Rusyn et al., 2004) . Briefly, liver total RNA was isolated from Gpat1 −/− and wildtype mice using QuickPrep extraction kit (Amersham Pharmacia Biotech, Inc), followed by extraction with RNeasy total RNA (Qiagen). RNA quality was determined with Agilent Bio-Analyzer (Agilent Technologies). The expression of base excision DNA repair genes was measured by RNase protection assay using a RiboQuant multi-probe RNase protection assay kit (BD PharMingen). The repair genes selected for this study are representative genes along the pathway of base excision repair. The expression of individual gene transcripts was normalized to the housekeeping genes L32 and GAPDH and expressed in arbitrary units.
Glutathione S-transferase-p immunohistochemistry
The placental form of glutathione S-transferase (GST-p) was localized in liver slices using a polyclonal antibody (NCL-GSTpi, Vector Laboratories) using a modification of a published method (Divi et al., 2001) . Briefly, following deparaffinization and anti-retrieval, liver slices were incubated in rabbit anti-GST-p antibody (1:100) in PBST overnight at 4°C. Sites of GST-p were detected using AlexaFluor 594 (Molecular Probes Inc.) at 1:500 dilution for 2 h at room temperature. A negative control was prepared by replacing the primary antibody with non-immune serum; this resulted in no staining. Liver slices were counterstained with DAPI to identify nuclei. Measurement of the relative levels of GST-p staining was performed on a Nikon FXA microscope using epifluorescence and the NIH Image program version 1.61.
Statistics
Data were analyzed by Student's t-test or ANOVA and are shown as the means ± standard errors.
Results
Liver mitochondria from Gpat1
−/− mice have higher rates of ROS production and peroxidation Compared to wildtype controls, fatty acid oxidation appears to be accelerated in liver from Gpat1 −/− mice . Plasma from Gpat1 −/− mice contains increased β-hydroxybutyrate, and the livers express higher mitochondrial HMG-CoA synthase mRNA and contain 2-fold more acylcarnitine and 60% less triacylglycerol compared to wildtype controls . Predicting that the increase in fatty acid oxidation would affect hepatic ROS production, we found a 20% increase in the production of the oxidized product of carboxy-DCFDA (slope: +/+, 8.03 ± 0.34; −/−, 10.78 ± 0.37; P < 0.05). In addition, labeling of 4-HNE, a toxic protein-and DNA-reactive aldehyde product of arachidonate peroxidation (Toyokuni et al., 1995) , was 3-fold and ∼ 35% greater in livers from young and old Gpat1 −/− mice, respectively, compared to age-matched controls (Fig. 1) , showing that the increased ROS resulted in increased peroxidation of unsaturated fatty acids.
Fatty acid composition of liver mitochondrial phospholipids is altered in Gpat1
−/− mice We previously reported that, compared to wildtype controls, total liver PC and PE from Gpat1 −/− mice contain 20% less palmitate in the sn-1 position and about 40% more arachidonate mice. Representative liver sections from 2 to 4 months old (young) and 12-18 months old (old) mice were probed with an antibody that recognizes 4-HNE. Levels of 4-HNE immunoreactivity were measured as described in Materials and methods. Increased levels of 4-HNE were found in Gpat1 −/− livers in both age groups. Data are shown as means ± standard error for 4 mice per group. Columns identified with different letters differ significantly from each other (P < 0.01, ANOVA with Sheffe's test).
in the sn-2 position (Hammond et al., 2002) . Because alterations in the fatty acid composition of the mitochondrial membrane phospholipids can specifically affect mitochondrial function (Hashimoto et al., 2001; Pehowich, 1999) , we analyzed phospholipids from isolated mitochondria to determine whether the absence of GPAT1, a GPAT isoform located on the outer mitochondrial membrane, would result in more prominent changes in mitochondrial lipid species or composition. The mitochondrial content of the phospholipid species PE (+/+, 10,230 ± 820; −/−, 8660 ± 760 nmol/g), PC (+/+, 8340 ± 770; −/−, 9220 ± 860 nmol/g), phosphatidylserine (PS) (+/+, 4060 ± 720; −/−, 3420 ± 340 nmol/g), and cardiolipin (+/+, 2870 ± 270; −/−, 2910 ± 240 nmol/g) did not differ significantly between genotypes. However, the fatty acid composition of each of these phospholipid species was markedly altered in the liver mitochondria in Gpat1 −/− mice. Compared to wildtype mice, PE and PC in isolated liver mitochondria from Gpat1 −/− mice contained 36 and 22% less 16:0, respectively, and had compensatory increases in 18:0 and 18:1n9 ( Figs. 2A and C) . PE and PS contained 32% lower 22:6n3 ( Figs. 2A and E ), but 20:4n6 content was 21% higher in PE, 67% higher in PC, and 45% higher in PS (Figs. 2A, C, and E) . The changes in 20:4n6 Data are shown as means ± standard error. Statistical significance was determined by Student's t-test, *P < 0.05, **P < 0.005, ***P < 0.001. Abbreviations: PE, phosphatidylethanolamine; PC, phosphatidylcholine; PS, phosphatidylserine; CL, cardiolipin; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; MPT, mitochondrial permeability transition pore; PUFA, polyunsaturated fatty acid.
and 22:6n3 maintained a balance in overall PUFA (Figs. 2A, B , E, F). In contrast, PC has increased 20:4n6 but no compensatory increase in 22:6n3. These changes were more dramatic than those previously measured in phospholipid species from total liver (Hammond et al., 2002) and were reflected in the higher content of n6 fatty acids in all three phospholipids (Figs. 2B, D , and F). Cardiolipin, which is normally highly enriched in 18:2, had a 44% increase in 18:1n9, but the compensatory decreases in 18:2n6 and 22:6n3 were not significant (Fig. 2G) . The total fatty acid classes reflected a compensated degree of saturation of the total phospholipid species (Figs. 2B, D, F , and H). Despite these alterations in mitochondrial phospholipid fatty acid composition, liver mitochondrial morphology was not affected in the Gpat1 −/− mice (Fig. 3) . Light microscopy did not show infiltration by inflammatory cells (data not shown). As estimated by mitochondrial protein yield per gram of liver (wildtype, 18.7 ± 1.3 mg/g liver, n = 11; Gpat1 −/− , 17.0± 1.1 mg/g liver, n = 11), mitochondrial quantity did not differ between genotypes. Although glycogen granules appeared more prominent in the wildtype hepatocytes, the glycogen content was similar (data not shown). Lipid droplets were less prominent in liver from 2 months old Gpat1 −/− mice, reflecting the 42% lower hepatic triacylglycerol content (Table 1) . The trend for lower triacylglycerol content in Gpat1 −/− liver persisted in older animals.
Liver mitochondria from Gpat1
−/− mice are more sensitive to Ca 2+ -induced mitochondrial permeability transition
The mitochondrial permeability transition (MPT), a common marker of mitochondrial dysfunction, occurs upon opening of high-conductance, nonspecific pores in the mitochondrial inner membrane (Kee et al., 2003) . Ca 2+ induces the opening of the permeability transition pore, causing mitochondrial swelling, depolarization, and the release of cytochrome c and procaspases . Because higher rates of ROS production can increase the sensitivity of the MPT (Kee et al., 2003) , we incubated fresh liver mitochondria from Gpat1 −/− and wildtype mice in Mg 2+ -free medium containing inorganic phosphate and the respiratory substrate, succinate. To determine how much CaCl 2 was required for MPT swelling, 50 μM boluses were added at 1 min intervals. For wildtype mitochondria, swelling began to occur with 250 μM CaCl 2 , whereas only 150 μM CaCl 2 was required for Gpat1 −/− mitochondria (data not shown). In a time course study with 100 μM CaCl 2 , the t½ for swelling was 20.6 ± 0.9 min for wildtype and 15.7 ± 0.9 min for Gpat1 −/− for four independent experiments (P < 0.005) (Fig.  4A) . At 200 μM CaCl 2 , the t½ average was 14.0 min for wildtype mice and 8.8 min for knockouts (n = 2) (data not shown). TMRM, which is also present in the incubation buffer, is a cationic fluorophore that is taken up electrophoretically into the mitochondria in response to their negative membrane potential and quenches the fluorescence signal. Adding exogenous Ca 2+ caused depolarization and increased TMRM fluorescence more rapidly in the Gpat1 −/− mitochondria compared to wildtype (Fig. 4B) . At 100 μM CaCl 2 , the t½ was 22.8 ± 0.9 min for wildtype and 16.5 ± 1.2 for Gpat1 −/− for four independent experiments; P < 0.005. At 200 μM CaCl 2 the average t½ was 14.3 min for wildtype and 9.1 min for Gpat1 −/− mitochondria (n = 2) (data not shown). After adding exogenous Ca 2+ , Fluo-5N fluorescence, a low-affinity Ca 2+ indicator, increased in parallel with swelling and mitochondrial depolarization (Fig. 4C ). Taken together, these studies demonstrate that liver mitochondria from Gpat1 −/− mice are more sensitive to Ca 2+ -induced opening of the permeability transition pore.
Gpat1 −/− mice exhibit increased hepatocellular apoptosis and proliferation
The number of apoptotic hepatocytes has been reported to increase (Koike et al., 1998; Kujoth et al., 2005; Muskhelishvili et al., 1995) , stay the same (Higami et al., 1997; Youssef et al., 2003) , or decrease (Barnes et al., 1998) in liver as rodents age, perhaps depending on the mouse or rat strain. Increases in ROS and 4-HNE can induce apoptosis (Kreuzer et al., 1998) , and because hepatic ROS production increases with aging, we predicted that older mice would have even greater rates of ROS production and increased hepatocyte apoptosis. To avoid the problem of differential lysis when fragile mitochondria are isolated from old mice, comparative studies between young (2-4 months) versus old (14-18 months) Gpat1 −/− and wildtype mice were performed on liver histological sections or whole tissue.
The TUNEL assay showed 3-and 15-fold greater numbers of apoptotic cells in livers from young and old Gpat1 −/− mice, respectively, compared to age-matched wildtype mice (Fig.  5A) . In wildtype mice, we found that hepatocyte apoptosis rates were higher in the younger group. Despite the increased rate of 
Fig. 4. Liver mitochondria from Gpat1
−/− mice are more sensitive to Ca 2+ -induced mitochondrial permeability transition. Liver mitochondria (0.5 mg of protein/ml) from 2 months old Gpat1 −/− and wildtype mice were incubated in MPT buffer containing 1 μM TMRM and 1 μM Fluo-5N in 48-well microtiter plates. (A) Absorbance change at 620 nm, (B) TMRM fluorescence excited at 544 nm, and (C) Fluo-5N excited at 485 nm were measured using fluorescence plate reader, as described in Materials and methods. CaCl 2 at 100 μM was added (arrow) after an initial 2 min baseline measurement. A representative experiment is shown (n = 4). AU, arbitrary units. apoptosis, both WT and Gpat1 −/− liver samples showed similar amounts of only the full-length caspase-3 band, and the shorter, activated caspase-3 band was not detected (data not shown). At the same time, there was no difference between Gpat1 −/− and wild type mice in the expression of base excision DNA repair genes (Table 2) . It has been demonstrated that expression of base excision DNA repair genes is a sensitive in vivo marker for oxidative stress-induced DNA damage (30). Thus, the increased apoptosis in the liver of Gpat1 −/− mice appeared to be caspaseindependent and was not a result of increased DNA damage due to mitochondrial oxidative stress.
Although the number of apoptotic cells in livers of Gpat1 −/− mice was high, there were no differences in liver weight between genotypes, and assessment of liver cellularity revealed no age-or genotype-related differences in cell number per unit area of the tissue (Table 1 ). These features suggested that the increase in apoptosis was balanced by hepatocellular proliferation. This hypothesis was supported by data showing that BrdU labeling was 50% and 7-fold greater in livers from young and old Gpat1 −/− mice, respectively, compared to age-matched controls (Fig. 5B) . BrdU-labeled cells were located predominantly in zones of liver demarcated by the portal tract region and central vein (data not shown). Based on their location the BrdUlabeled cells included both hepatocyte stem-type cells and mature hepatocytes, and they were further discriminated from mesenchymal cells on the basis of differences in size and shape (data not shown).
Gpat1
−/− mice have decreased levels of hepatic GST-p
Increased proliferation in the absence of a compensatory increase in DNA repair might make Gpat1 −/− livers more susceptible to neoplastic transformation. Because the intensity of expression of GST-p in single liver cells is strongly associated with the subsequent development of preneoplastic liver foci (Pitot and Sirica, 1980) , we investigated whether absent GPAT1 resulted in increased hepatic GST-p. The immunocytochemical assay showed a nearly 5-fold reduction in the level of GST-p protein in Gpat1 −/− mice as compared to age-matched wildtype mice (Fig. 6 ).
Discussion
The location of GPAT1 on the outer mitochondrial membrane enables GPAT1 to compete with CPT-1 for longchain acyl-CoAs. GPAT1 and CPT1 are reciprocally regulated by AMP-activated protein kinase (AMPK) which phosphorylates and inactivates acetyl-CoA carboxylase, thereby inhibiting the production of malonyl-CoA, an allosteric inhibitor of CPT-1 (Hardie and Carling, 1997) . AMPK also inhibits GPAT1 (Muoio et al., 1999) , although it is not known whether the inhibition is direct. In the absence of GPAT1, more acyl-CoA is partitioned towards the oxidative pathway. Thus, mice deficient in GPAT1 lack a counterbalance to the use of acyl-CoAs for fatty acid β-oxidation. The increases previously observed in liver medium-chain and long-chain acyl-carnitines and in β-hydroxybutyrate indicated that Gpat1 −/− mice have an increased rate of fatty acid oxidation and suggested that they might produce more ROS . In addition, the presence of increased arachidonate in phospholipids from Gpat1 −/− liver provided a target for peroxidation by the increased ROS, as demonstrated by the higher 4-HNE levels.
Aging is associated with a decline in mitochondrial function, possibly due to increasing exposure to endogenous oxidants (Sugrue and Tatton, 2001) . Elderly people have a 40% reduction in mitochondrial oxidative phosphorylation activity (Petersen et al., 2003) , and it has been hypothesized that mitochondrial dysfunction plays an important role in the development of diabetes (Schrauwen and Hesselink, 2004) and cancer (Green and Kroemer, 2004) . ROS damage DNA, protein and lipids, and play a significant role in age-associated mitochondrial dysfunction (Sastre et al., 2003) , and changes in mitochondrial function have also been induced by altering the fat content of the diet (Battino et al., 2002; Iossa et al., 2003; Nogueira et al., 2001; Pehowich, 1999) . Altered mitochondrial function has been implicated in the development of diabetes, but the differences in 6.2 ± 0.4 6.5 ± 0.5 NS Tdg 9.1 ± 0.9 11.6 ± 0.8 NS Apex 17.6 ± 0.6 23.1 ± 1.9 NS Ung 6.8 ± 0.5 9.6 ± 1.9 NS Mpg 6.6 ± 0.3 6.7 ± 0.3 NS Nth1 5.0 ± 0.2 6.7 ± 0.2 NS Mgmt 22.6 ± 1.7 23.4 ± 0.7 NS a RNase protection assay of total RNA from liver from 12 months old mice was performed as described in Materials and methods. Data shown as mean ± standard error (from 5 to 6 animals/group) of relative expression of each gene normalized to the expression of the housekeeping genes L32 and GAPDH. NS, no statistically significant differences. Representative liver slices from 12 to 18 months old mice were probed with an antibody that recognizes glutathione S-transferase placental form (GST-P) and the levels of GST-P immunoreactivity were measured as described in Materials and methods. Data are shown as means ± standard error. Decreased levels of GST-P were found in Gpat1 −/− (P < 0.001; Student's t-test).
insulin sensitivity observed in Gpat1 −/− mice fed varying fatty acid species Neschen et al., 2005 ) is most likely a reflection of differences in the accumulation of toxic lipid intermediates.
Unlike studies that require aging or dietary manipulation to induce mitochondrial dysfunction, functional differences were already present in the chow-fed Gpat1 −/− mice at 2 months. The liver mitochondria from young Gpat1 −/− mice had major alterations in phospholipid fatty acid composition, faster rates of change in membrane potential during mitochondrial swelling, and increased sensitivity to the induction of the MPT. Increased ROS production in liver mitochondria from young Gpat1 −/− mice was demonstrated by a 20% faster rate of production of the oxidized product of carboxy-DCFDA and a marked increase in 4-HNE.
In Gpat1 −/− mice, increased production of ROS and chronic oxidative stress are likely to result from unregulated fatty acid oxidation. The presence of GPAT1 at the outer mitochondrial membrane would normally temper the amount of fatty acylCoA that is converted to acyl-carnitine to enter the mitochondria for oxidation. Even on a diet containing only 14% triacylglycerol, Gpat1 −/− mice had elevated plasma β-hydroxybutyrate, and increased liver long-chain acyl-carnitines and dicarboxylic acids, suggesting excess oxidation of fatty acids .
Excess fatty acid oxidation increases ROS production in several models, including hearts from mice with cardiacrestricted overexpression of PPARα (Finck et al., 2003) , heartspecific ACSL1 overexpression (Chiu et al., 2001) , and leptin stimulation of fatty acid oxidation in bovine aortic endothelial cells (Yamagishi et al., 2001) . In Gpat1 −/− mice, the effect of increased ROS production may have caused a greater increase in lipid oxidation because of the altered fatty acid composition of mitochondrial phospholipids. Unlike other GPAT isoforms in liver, the mitochondrial isoform exhibits a strong preference for 16:0-CoA Lewin et al., 2004) . When GPAT1 was absent, the major mitochondrial phospholipids PE and PC contained 36 and 22% less 16:0 than wildtype mice, respectively, and had compensatory increases in 18:0 and 18:1. In addition, PE, PC and PS from Gpat1 −/− liver mitochondria contained 21-67% more arachidonic acid than present in wildtype mitochondrial phospholipids, probably because alteration at the sn-1 position of phospholipids influences the fatty acids species esterified at the sn-2 position. The higher content of arachidonic acid provides increased substrate for ROS attack and likely contributes to the higher 4-HNE labeling in Gpat1 −/− liver from both young and old mice. Interestingly, 22:6n3 was lower in PS and PE, thereby maintaining a balance in total PUFA.
Increased hepatocyte apoptosis in Gpat1 −/− mice might occur from mitochondrial dysfunction or from increased oxidative stress. High concentrations of 4-HNE are known to induce the activation of caspase-3 and JNK and the phosphorylation of c-Jun in HeLa cells (Awasthi et al., 2003) , and to cause both HeLa cells and HL-60 cells to undergo apoptosis (Awasthi et al., 2003; Kreuzer et al., 1998) . On the other hand, low concentrations of 4-HNE in some cell types protect against apoptosis and promote growth (Awasthi et al., 2003) . Surprisingly, Gpat1 −/− hepatocytes showed a concomitant increase in their proliferative rate that appeared to compensate for cell loss due to apoptosis, and caspase-3 activation remained similar in WT and Gpat1 −/− liver. Although less well understood than caspase-dependent pathways of apoptosis, caspase-independent apoptosis has been described in hepatocytes (Jones et al., 2000) .
The liver histology in Gpat1 −/− mice differs from that of hepatocellular injury in alcoholic liver disease or following exposure to carbon tetrachloride, in which widespread hepatocellular apoptosis, necrosis, fibrosis, and activation and recruitment of monocyte-macrophages play important roles. In our studies there was no apparent monocyte-macrophage infiltration of liver and, thus, no apparent engulfment of TUNEL-positive apoptotic cells by macrophages. Over a wide range of physiological concentrations, 4-HNE decreases IL-6 expression and protein production by rat Kupffer cells (Luckey et al., 2002) . Hence, it is conceivable that the increased levels of 4-HNE we found in young and old mice, while sufficient to induce apoptosis, may also down-regulate macrophage recruitment.
Our data suggest that the absence of GPAT1 may lower apoptotic potential despite the increase in ROS generation. While ROS-induced oxidative damage can compromise cell survival, this is not obligatory, particularly when considered in the context of aging. Chronic exposure of cells to low amounts of oxidative stress induce resistance to higher subsequent amounts that would ordinarily cause apoptosis (Zeisel et al., 1997) , similar to our findings in Gpat1 −/− vs. wildtype mice. Although the relationship between the functional status of GPAT1 and aging in hepatocytes is not known, data on aging and oxidative stress are pertinent. For example, fibroblasts from patients with Alzheimer's disease exhibit decreased activation of p53 and bax, proteins that regulate cell cycle progression and apoptosis and accelerate entry into S-phase without changing the extent of oxidative stress (Uberti et al., 2002) . This report is reminiscent of our findings of increased BrdU labeling despite increased ROS generation in old Gpat1 −/− vs. wildtype mice. The regulation of cell proliferation by 4-HNE involves modulating proliferative signals and intracellular mediators that control cell cycle transit. Further, activated EGFR signaling counteracts ROS-mediated hepatocyte apoptosis and restores DNA synthetic activity in the absence of added antioxidants (Albright et al., 2005) . In contrast, our findings of decreased BrdU labeling in aged vs. young wildtype liver are consistent with the notion of an age-associated decline in EGFR tyrosine phosphorylation, previously reported in rat liver hepatocytes (Ikeyama et al., 2003) .
In liver from Gpat1 −/− mice cell proliferation and apoptosis were in balance and there was no net difference in liver weight or cell number for up to 18 months of age. Further, longevity to 24 months was similar in Gpat1 −/− and wildtype mice. Unlike most studies in which hepatocellular proliferation is accompanied by elevated GST-p expression, GST-p expression was suppressed in livers from Gpat1 −/− mice. The diminished number of GST-p positive cells suggests a novel dissociation between cell proliferation and the development of putative preneoplastic lesions in these mice. Although we have not observed liver tumors in older Gpat1 −/− mice, the C57Bl/6 strain is resistant to liver tumor formation (Goldsworthy and Fransson-Steen, 2002) . It would be interesting to learn whether inhibiting GPAT1 or whether a deficiency of GPAT1 in a susceptible mouse strain alters susceptibility to the development of hepatic tumors.
Mitochondrial function is affected by membrane composition, and the decline in mitochondrial function that occurs with aging is associated with decreased membrane fluidity (Ames et al., 1995) . Because the specific activity of liver GPAT1 is normally 40% lower in old rats compared to young rats (Kannan et al., 2003) , this decline in GPAT1 activity with age might accelerate fatty acid oxidation and contribute to the increase in ROS production and mitochondrial dysfunction. In the null animals, the absence of GPAT1 resulted in increases in arachidonate content of the major mitochondrial phospholipids and an apparent increase in fatty acid oxidation. These changes were associated with increased ROS production and by an increased sensitivity to induction of MPT pore opening. The increased ROS production and MPT sensitivity did not require dietary manipulation or extended aging. These features suggest that the Gpat1 −/− mouse may be a useful model in which to study novel relationships between hepatic mitochondrial dysfunction, oxidative stress, apoptosis, proliferation, and cancer susceptibility.
